A detailed understanding of the hip loading environment is needed to help prevent hip fractures, minimize hip pain, rehabilitate hip injuries, and design osteogenic exercises for the hip. The purpose of this study was to compare femoral neck stress during stair ascent and descent and to identify the contribution of muscles and reaction forces to the stress environment in mature adult subjects (n = 17; age: 50-65 y). Motion analysis and inverse dynamics were combined with musculoskeletal modeling and optimization, then used as input to an elliptical femoral neck cross-sectional model to estimate femoral neck stress. Peak stress values at the 2 peaks of the bimodal stress curves (stress vs time plot) were compared between stair ascent and descent. Stair ascent had greater compressive stress than descent during the first peak at the anterior ( 
Introduction

34
Femoral neck fracture is a serious injury that can play an important role in morbidity and 35 mortality among individuals, especially older adults 1 . With the overall mortality rate of hip 36 fractures at 14.0-21.6%, the estimated 290,000 cases expected by 2030 this injury will result in a 37 growing health problem for an aging population [2] [3] [4] . If structural failure is of concern, external 38 loading, internal loading, bone geometry and bone material properties are the main factors that 39 need to be investigated 5 . Therefore, it is important to investigate the loading environment of the stress. This tends to increase the compression on the inferior surface and decrease the tension on 51 the superior surface. The probability of bone failure may be altered through changes to the 52 magnitude or frequency of loading (fatigue fractures) 6 , insufficient bone strength (fragility 53 fractures) 7 , or a combination of these factors.
Several studies have examined the joint loading environment of the proximal femur 55 during stair ascent and descent [8] [9] [10] [11] [12] , yet there is still uncertainty concerning which activity 56 produces greater loads. This lack of clarity is partly due to the difficulty in measuring the 57 variables that are directly responsible for damage. The most direct measures of hip loading are 58 from instrumented prostheses 8 . These devices transmit the hip joint forces via a wireless signal 59 to a computer while patients perform various activities. It should be noted that these 60 measurements were performed on a small number of subjects (n = 2-4) and the subjects were 61 atypical since they had undergone hip replacement surgery within 11-31 months prior to testing.
62
Although this procedure provides a direct measure of the hip joint forces, the invasive nature and 63 limited subject pool reduces the practicality of this protocol in most laboratory and clinic 64 settings.
65
Several studies have utilized inverse dynamics and rigid body models to estimate net 66 joint moments and reaction forces during stair ascent and descent 13, 14 . As an estimate of femoral 67 neck loading these measures give only a rough approximation. Both the net joint moment and the 68 reaction force neglect the effects of co-contracting muscles and fail to consider the size of the 69 bone in determining the potential for failure.
70
Using procedures developed for mechanics of materials, stress analysis is an alternative constrained by the maximal dynamic muscle forces estimated with the musculoskeletal model.
For the ith muscle: Fi is estimated muscle force, Ai is the cross-sectional area, rij is the 118 moment arm for the jth joint moment, and Mj is the jth joint moment.
119
Hip joint reaction forces were summed with muscle forces crossing the hip joint to 120 obtain hip contact forces that were then transformed into the thigh coordinate system. The thigh coordinate system has the long axis of femur as longitudinal direction (y-axis), the cross product 122 of y-axis and the vector from knee joint center to lateral knee marker as the anterior-posterior 123 axis (x-axis), the cross product of x-and y-axis as medial-lateral axis (z-axis Where age is in years and diameters are in millimeters.
138
Anterior/posterior diameters were estimated by multiplying the superior/inferior diameters by the 139 ratio of maximal to minimal diameters (male: 1.16±0.04; female 1.26±0.03) 23 .
140
The stress estimation formulas were as follows:
Where σ superior is the stress on the superior aspect of the femoral neck, σ inferior is the 144 stress on the inferior aspect, σ anterior is the stress on the anterior aspect, σ posterior is the stress on 145 the posterior aspect, σ(M ml ) is the stress generated by sagittal plane moment, σ�M ap � is the 146 stress generated by frontal plane moment and σ(F axial ) is the stress caused by the axial force.
147
Negative values indicate compressive stress and positive values indicate tensile stress.
148
The total stress on the femoral neck cross section is caused by a combination of the joint contributions to the stress were not statistically compared but used to explain stress magnitudes.
187
The alpha level was set at .05 for all statistical tests. 
207
Univariate results indicated that the direction by site interaction was present for both peak 208 1 (p<0.001) and peak 2 (p=0.013) stresses. Figure 3 compare ascent vs descent total stress values at each site and peak (Table 1 and 2).
216
During both stress peaks the dominant loading in the femoral neck was compressive and 217 occurred on the inferior region of the femoral neck during both ascent and descent. Compressive 218 stress at the inferior site was greater during stair descent than ascent for the second stress peak (-219 43.8 ± 9.7 MPa (peak 2-Ascent-Inferior), -51.1 ± 14.3 MPa (peak 2-Descent-Inferior), p= 0.004).
220
Peak tensile stresses occurred in the superior region and were greater during stair descent 221 during both peaks (1.3 ± 7.0 MPa (peak 1-Ascent-Superior), 24.8 ± 9.7 MPa (peak 1-Descent-
222
Superior), p < 0.001; and 15.7 ± 6.1 MPa (peak 2-Ascent-Superior), 18.0 ± 8.4 MPa (peak 2-
223
Descent-Superior), p = 0.028) compared to stair ascent.
224
The anterior and posterior regions were generally in compression. Peak compressive 225 stress on the anterior aspect of the femoral neck was greater during stair ascent (-18.0 ± 7.9 MPa
226
(peak 1-Ascent-Anterior)) compared to descent (-12.9 ± 5.4 MPa (peak 1-Descent-Anterior)) at 227 peak 1 (p < 0.001). Likewise, the posterior aspect had an increased compressive stress for stair 228 ascent (-34.4 ± 10.9 MPa (peak 1-Ascent-Posterior)) than descent (-27.8 ± 10.1 MPa (peak 1-
229
Descent-Posterior)) at peak 1 (p < 0.001).
230
Based on the estimations from the model, the stress caused by the reaction component 231 was calculated separately from the stress caused by the muscle component so that distinct
232
contributions to the stress load could be assessed (Table 1) Descent-Posterior), and -43.8 ± 17.8 MPa (peak 2-Ascent-Superior).
239
Stresses were also decomposed according to the contributions from moments and forces.
240
In general the contribution to the peak stress was dominated by the moments. The greatest 241 compressive stress was at the inferior site during peak 1 of stair descent, the reaction force 242 produced -4.1 ± 0.9 MPa of compression and the muscle forces produced -13.0 ± 3.0 MPa.
243
However, the reaction moment produced 36.4 ± 18.1 MPa of tensile stress and the muscle 244 moment produced -76.6 ± 25.8 MPa of compressive stress.
245
Discussion
246
The hypothesis that hip contact forces would be significantly greater during stair ascent 247 was not universally supported by the results. Peak hip contact forces were greater during stair 248 ascent than descent at peak 1, but at peak 2 the posteriorly and distally directed hip contact forces 249 were greater during stair descent than ascent (Figure 2 ). These shapes of the contact force curves 250 were mirrored by the muscle activity in the hip extensor muscles during ascent and descent
251
( Figures 6 and 7) .
252
The hypothesis that femoral neck stress would be significantly greater during stair ascent 253 was also not supported by the results. We estimated femoral neck stresses at four sites on the 254 femoral neck during stair ascent and descent for older adults and then analyzed the sources of 255 stress. The MANOVA main effect of ascent/descent on femoral neck stresses (p = 0.017) and the 256 interaction effect between directions and femoral neck sites (p < 0.001) were both significant.
The univariate interaction effects for both stress peak 1 (p<0.001) and peak 2 (p=0.013) were 258 significant. Results indicates that 1) at some sites the stresses were greater during ascent than 259 descent, in other sites the stresses were greater during descent compared to ascent ( Figure 3) ; 2) 260 stress change patterns were similar among different sites, but the change of slope between stair 261 ascent and descent for some sites were much greater than other sites (Figure 4 ). Both peak tensile 262 stress at the superior site (both peaks) and peak compressive stress at the inferior site (peak 2)
263
showed greater stress during stair descent. The peak 1 stress during early stair descent could be a 264 consequence of a relatively extended position of the hip and knee during this phase of the decent.
265
This erect posture may allow the ground reaction force vector to be directed through the joints
266
and minimize the ability of the muscles to absorb the energy of the downward moving mass.
267
This can be seen in the EMG activity of the hip extensor muscles during stair ascent and descent tension on the superior surface (24.8 ± 9.7 MPa) compared to ascent (1.3 ± 7.0 MPa).
282
On both superior and inferior surfaces of femoral neck, the muscle component produced 283 stresses opposite to, but smaller in magnitude than the stresses produced by the reaction 284 force/moment, so greater stresses from muscle can be an effective way to minimize the net 285 stresses on these 2 surfaces of femoral neck. Stair descent tended to decrease the stresses 286 produced by muscle compared to stair ascent. This suggests that the ability of the muscles to 287 reduce bone stress may be minimized during stair descent.
288
The stress produced by forces is predominantly compressive, while stress produced by 289 moments creates compression on the inside of the curvature and tension on the outside portion.
290
In general, the magnitude of the stress caused by moments was greater than the magnitude 291 caused by forces at most sites and directions. The stress caused by the moment dominated on 292 both the inferior and superior regions but the contribution of the moments was generally reduced 293 at the anterior and posterior sites.
294
There are several limitations associated with these procedures. An ellipse model of the 295 femoral neck cross-section was created for each subject based on age and gender. Derrick et al.
24
296
showed that a homogeneous elliptical model such as this could be favorably compared to a more 297 detailed nonhomogeneous model derived from a CT scan of the tibial cross-section (r-squared = 298 0.89 for the peak tensile stress on the anterior site, and 0.96 for the peak compressive stress on 299 the posterior site). Moreover, the shape of femoral neck cross section is more elliptical than the 300 cross section of the tibia, suggesting these correlations are conservative when compared to the 301 current study. Muscles were scaled to the individual but modeled with standardized insertions,
302
origins and contraction properties and the muscle forces were estimated using static optimization with a cost function that minimized muscle stresses. Individual differences in the muscle 304 properties or non-optimal sequencing of muscle activity could influence the muscle forces.
305
Muscle optimization does not guarantee an exact replication of the muscle force patterns.
306
The process assumes that the activation of muscles follows the rules of the cost function 
